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ABSTRACT 
For distillation columns, dynamic models which consider variable 
pressure and vapor holdup were studied using the explicit Euler 
method. 
A most rigorous model which uses the vapor hydraulic equation was 
studied with explicit and implicit methods. 
The specific chemical systems studied were the Methanol - Water 
separation at atmospheric pressure, the Toluene - m-Xylene separation 
under vacuum, and the Ethylene - Ethane separation at high pressure. 
The effect of pressure changes on the tray was only important for 
the vacuum column, particularly when heat input and feed condition 
disturbances occurred. 
Vapor holdup must be considered in high pressure columns 1n order 
to accurately predict dynamic responses. 
The rigorous vapor hydraulic model did not show any significant 
differences compared to the more simple approximate models. 
1 
INTRODUCTION 
Distillation 1s one of the most widely used separation process 
for chemicals. A lot of challenging aspects remain to be studied. 
Digital simulation is a commonly used tool in the study of the 
dynamics and control of distillation columns. Simulation involves 
numerical integration of a large set of ordinary nonlinear differen-
tial equations describing the changes of mass, components and energy 
on each tray in the column. Many simplifications are made in deriving 
dynamic models. 
Fuentes and Luyben(1982) compared three different models which 
calculate vapor flow rates from the energy equation. The models they 
studied used an algebraic form of the energy equation. One differen-
tial equation could be eliminated for each tray. Two of the 
assumptions they made were constant pressure and negligible vapor 
holdup on each tray. These assumptions are common and reasonable when 
the column is not operated under high pressure or vacuum conditions. 
With high pressure, vapor holdup will not be negligible. For a vacuum 
column, tray pressures will change significantly. 
In this study, models in which those assumptions were eliminated 
were studied and compared with those models Fuentes and Luyben 
studied. 
The fact that one 1s dealing with a large set of differential 
equations makes the choice of the integration algorithm to be employed 
very important. A simulation must be reasonably fast and accurate in 
2 
order to be of any value rn practice. The basic difficulty in t 1he use 
of explicit algorithms in distillation systems 1s the numerical 
stability constraints associated in the routines. To maintain 
stability, many small steps must be taken in the integration. This 
means that a large number of derivative evaluations must be made (Mah, 
et al., 1Q62, Distefano, 1Q68). Tyreus, et al.(1Q75) studied the 
identification of stiff distillation systems and explored alternatives 
to using explicit algorithms. They showed significant savings of 
computer time with acceptable integration errors using an implicit 
algorithm. 
This thesis explores several more rigorous models applied to 
three different real chemical systems. Openloop responses to five 
disturbances were studied: feed flow rate, feed composition, reflux 
flow rate, reboiler heat input and the feed thermal condition change. 
The systems studied were: 
(1) Methanol - Water system, a widely used and studied separation 
process 1n industry, was chosen for an atmospheric column. 
(2) Toluene - m-Xylene system was chosen for a vacuum column. 
(3) Ethylene - Ethane system was chosen for a high pressure 
column. 
Accurate dynamic models are essential for control studies. If 
the model does not predict the real dynamic behavior, it is hard to 
develop the best control strategy. The rigorous models developed here 
3 
should be used in control studies of columns operating under vacuum or 
high pressure conditions. 
The scope of this work was: 
1. Study dynamic models which consider vapor holdup and variable 
pressure. 
2. Explore rigorous vapor hydraulic models using explicit and 
implicit methods. 
4 
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DYNAMIC MODELS 
Figure 1 gives a schematic diagram of Tray n 1n a distillation 
column. Vapor holdup is M and liquid holdup ism. 
n n 
Ten different models are described below. 
Models 1, 2, 3, vl, v2 and v3 use algebraic energy equations to 
evaluate vapor flow rates. Models 4E, 4I, v4E and v4I consider the 
energy equation as a differential equation and calculate vapor flow 
rates from the vapor hydraulic equation. Models 1 and vl completely 
neglect the energy derivative. Models 2 and v2 partially consider the 
energy derivative. Models 3, v3, 4E, 4I, v4E and v4I use the complete 
energy derivative. Models 1, 2, 3, 4E and 4I neglect vapor holdup. 
Models vl, v2, v3, v4E and v4I consider vapor holdup. Models 1, 2, 3, 
vl, v2, v3, 4E and v4E use an explicit numerical integration algo-
rithm. Models 4I and v4I use an implicit algorithm. 
I. Assumptions 
The following assumptions are common to all models: 
(1) perforated trays 
(2) 100% tray efficiency 
(3) saturated liquid reflux 
(4) partial reboiler 
(5) negligible secondary heat effects (heat loss and heat of 
mixing) 
5 
(6) ideal gas behavior (except high pressure) 
Other assumptions specific to various models are: 
(1) negligible vapor holdup, M = 0, for models 1, 2, 3, 4E and 41 
n 
dM 
(2) negligible vapor holdup dynamics, at~= 0, for models vl, v2, 
v3 and v4I 
II. Basic equations 
The vapor-liquid equilibrium equations were obtained from the 
literature (Appendix A). 
Temperature: 
T = f (P ' X) 
n n n 
(1) 
Vapor composition: 
The liquid and vapor enthalpy equations were given by simple 
polynomial relationships (Appendix B). 
Liquid enthalpy: 
h = f (x , T) 
n n n 
(3) 
Vapor enthalpy: 
H = f (y , T) 
n n n 
(4) 
The liquid and vapor density equations were obtained from the 
literature (Appendix C). 
Liquid density: 
6 
l 
1 
p1 = f (x , T) ,n n n (5) 
Vapor density: 
P - f (P v n - n' 
' 
(6) 
The liquid flow rate from each tray was given by the Francis weir 
formula (Smith, 1963). 
L = f (m, p1 ) (7) n n ,n 
The following equations account for mass, component and energy 
balances on each tray. 
d 
--(m + M) = L - L + V - V (8) dt n n n+l n n-1 n 
In case of M = 0, 
n 
dm h 
n n - L h - L h + V H - V H 
-at-- - n+l n+l n n n-1 n-1 n n 
(11) 
(12) 
(13) 
The distillate and bottoms flow rates were manipulated by level 
controllers. 
Bot = f (~) 
7 
(14) 
(15) 
III. Models 1, 2, 3 (Fuentes and Luyben, 1982) 
(Note: Fuentes and Luyben neglected variable pressure but here 
variable pressure is considered.) 
Neglecting vapor holdup, these models use mass and component 
balance equations given as eq. 11 and eq. 12. The energy balance 
equation, eq. 13, was used to evaluate vapor flow rates as follows. 
model 1: 
model 2: 
V = 
n 
model 3: 
,where 
(16) 
L (h - h) + V (H - h) 
n+l n+l n n-1 n-1 n 
H - h (17) 
n n 
hk 1s the present value and hk-l 1s the previous value 
n n 
of the liquid enthalpy of Tray n. 
For variable pressure columns, the pressure on Tray n (P) at n 
each point in time was calculated from the new vapor rate using the 
vapor hydraulic equation (Smith, 1963): 
8 
\ 
i 
. ' •··,. •= ··-r·-rrr::c·~· -·:::::::::::--·---~·--~--·· __ . ___ . _ 
P = f (P 1' V, p ) n n+ n v n I (IQ) 
The algorithm used to solve the equations for models 1, 2 and 3 
at each point in time, knowing P , x and m, was: 
n n n 
Step 1. 
Step 2. 
Step 3. 
Step 4. 
Step 5. 
Step 6. 
Step 7. 
Calculate T and y 
n n 
Calculate h, H p and p 
n n' L,n v,n 
Calculate L 
n 
Calculate V 
n 
Evaluate derivatives 
( eq. 1, 2) 
(eq. 3, 4, 5, 6) 
( eq. 7) 
(eq. 16, 17 or 18) 
(eq. 11, 12) 
Integrate and calculate new values of x and m 
n n 
Calculate new values of P 1n case of variable pressure 
n 
( eq. IQ) 
Step 8. t = t + ~t 
Go back to step 1. 
IV. Model 4E (explicit) 
The major difference between this model and models 1, 2 and 3 is 
the evaluation of the vapor flow rates as mentioned earlier. Models 
1, 2 and 3 use an algebraic form of the energy equation. But model 4E 
uses the vapor hydraulic equation and retains the energy equation as a 
differential equation 
each point in time. 
from which liquid enthalpy h is determined at 
n 
Then knowing x and h , temperature T can be 
n n n 
calculated from the enthalpy equation: 
g 
j 
,. \~-~~~·-·-·~-~----
T = f (x , h) 
n n n 
(20) 
The pressure and vapor composition can then be calculated from 
vapor-liquid equilibrium relationships. 
P = f (x , T) 
n n n 
(21) 
y = f (x , T ) 
n n n 
(22) 
Since temperature has been calculated by eq. 20, pressure and vapor 
composition are calculated directly. 
The vapor enthalpy, liquid and vapor densities, and liquid flow 
rates were calculated by the previously given equations. 
The vapor flow rates were given by the vapor hydraulic equation 
(Smith, 1Q63). The original equation is a pressure drop explicit form 
(see eq. 34). The pressure drop of each tray is a function of the 
square of vapor velocity. By modification and rearrangement, the 
following vapor flow rate equation was obtained. 
(23) 
The following algorithm was used to solve the above equations at 
each point in time, knowing x , h and m. 
n n n 
Step 1. Calculate T , p and y (eq. 20, 21, 22) 
n n n 
Step 2. Calculate H, pL and p (eq. 4, 5, 6) 
n ,n v,n 
Step 3. Calculate L (eq. 7) 
n 
Step 4. Calculate V (eq. 23) 
n 
Step 5. Evaluate derivatives (eq. 11, 12, 13) 
10 
Step 6. Integrate and calculate new values of m, x and h 
n n n 
Step 7. t = t + ~t 
Go back to step 1. 
Model 4E is a more appealing and natural way to handle the energy 
balance. However, as will be demonstrated later, it produces an 
extremely stiff system of equations which consumes excessive computer 
time when using explicit integration algorithms. 
V. Model 41 (implicit) 
In an attempt to overcome the integration problems 1n the ex-
plicit algorithm (model 4E), model 41 was developed so that an 
implicit algorithm could be used. 
In this model, the energy equation (eq. 13) was linearized and 
converted into the following form, which relates pressures on ad-
jacent trays. 
E4 
n 
(24) 
The coefficients Ej were evaluated at each point 1n time on each 
n 
tray. The derivation of eq. 24 is given below. 
The liquid enthalpy is a function of composition and temperature. 
h = f (x , T ) 
n n n 
Its derivative is 
11 
(25) 
Since the temperature can change more quickly than compositions, the 
dx 
derivative at~ lS neglected. Eq. 25 becomes 
(26) 
is evaluated from eq. 3, and coefficient Fa was defined for 
n 
each tray: 
(27) 
dT 
n ai>- 1s evaluated from the VLE relationships. For a binary low-
n 
pressure system, the total pressure Pon a tray 1s 
(28) 
or 
(2Q) 
Since activity coefficients are weak functions of temperature, the 
following equation can be obtained. 
(30) 
12 
,.k . =--=-:--·=--=~----- -------·--·---
Another coefficient Fb was defined: 
n 
Finally eq. 26 becomes 
dh dP 
(31) 
n n 
--- = Fa Fb --- (32) dt n n dt 
By substituting eq. 32 and eq. 11 into eq. 13 and rearranging, 
the following equation was obtained. 
m Fa Fb 
n n n 
= L (h - h ) + V (H - h ) - V (H -h ) 
n+l n+l n n-1 n-1 n n n n 
The vapor hydraulic equation is 
ht = ho + p 1(hw + how 1) n n n+ n+ 
Pv n Uhn 2 
,where ho = 0.186 --1 --- (-00--) n P1,n+l 
V 
Uh = n 
n Ath p 
v,n 
2 p = 0.86315 - 0.27334*Fva + 0.065684*Fva 
n n n 
p. is mass density which has unit of lb/ft3. 
v,n 
(33) 
(34) 
(35) 
(36) 
(37) 
(38) 
3 p , p1 are molar densities which have unit of moles/cm. v ,n ,n 
13 
j :--· 
,,~-·--·~;.._:.j..,;..;.::.:-·----······· 
J 
l 
1 
J 
1 j 
l 
J ; 
i 
{ 
' 
1 
! j 
' 
l 
' l 
l 
' 
ht, inch of liquid, is the total pressure drop across the perforated 
n 
tray. ho, inch of liquid, is the pressure drop through the dry 
n 
holes. Uh, ft/sec, is the vapor velocity, Ath is the total hole area 
n 
of a tray and Co is the discharge coefficient determined from the tray 
design (Smith, 1Q68). The other term in eq. 34 represents the 
hydraulic head of liquid on the tray, and p is the aeration factor. 
n 
Eq. 37 was obtained by polynomial regression curve fitting of the 
graph shown in the reference (Smith, 1Q68). 
Since eq. 35 is not linearly dependent on vapor velocity, 
it was linearized around the steady state vapor flow rate Vss , 
n 
V 2 = 2 Vss V - Vss 2 
n n n n 
(3Q) 
With equations 3Q, 36 and 35, and converting htn to (Pn - Pn+l)' eq. 
34 can be rearranged as the following vapor flow rate form: 
(40) 
DO and Dl are coefficients which include steady state vapor rates, 
n n 
liquid and vapor densities, and aeration factor. It was assumed that 
the changes of the aeration factor and the changes in liquid and vapor 
densities were small from one time step to the next. Therefore, the 
previous values for those variables were used. The above coefficients 
were evaluated based on this idea at each point in time. 
Substituting eq. 40 into eq. 33 gives: 
14 
m Fa Fb 
n n n 
= L (h - h ) 
n+l n+l n 
- {DO (P - P 1) + Dl} (H - h) n n n+ n n n 
Rearranging eq. 41 gives eq. 24. 
J 
dP 
n 
at--= El P 1 + E2 P + E3 P 1 + E4 n n- n n n n+ n 
(41) 
Coefficients Ej are evaluated from the coefficients of DO, Dl , Fa, 
n n n n 
and Fb , liquid and vapor enthalpies, liquid rate, and liquid holdup. 
n 
Now that the linear eq. 24 has been derived, an implicit integration 
algorithm will be developed. 
The implicit Euler algorithm is 
(42) 
or 
dP 
( n)k+l __ at:- (43) 
Substituting eq. 43 into eq. 24 gives 
(pk+l - Pk)/At = El Pk+l + E2 Pk+l + E3 Pk+l + E4 (44) 
n n n n-1 n n n n+l n 
Eq. 44 is rearranged as follows. 
-(Pk+ E4 At)= (El At) Pk+l + (E2 At -1) Pk+l 
n n n n-1 n n 
+ (E3 At) Pk+l 
D n+l (45) 
15 
By applying eq. 45 to the distillation column from the reboiler to the 
top tray, the following tridiagonal matrix equation was obtained. 
lb1 cl lx1 ld1 
la2 b2 c2 0 lx2 ld2 
a3 b3 C3 X 1x3 = ld3 ( 46) 
I I I I 
0 3NT-1 bNT-1 cNT-11 lxNT-11 ldNT-11 
3NT CNT IXNT ldNT 
,where a = El fit 
n n 
b = E2 fit - 1 
n n 
c = E3 fit 
n n 
d = E4 fit - pk 
n n n 
X = pk+l 
n n 
This matrix equation was solved by Thomas' algorithm (Henley and 
Seader, 1981) . 
Model 4I has the same algorithm as models 1, 2, and 3. But, at 
step 4 eq. 23 is used, and at step 7, the pressure is calculated by 
the tridiagonal matrix equation, not eq. lQ. 
Step 1. Calculate T and y 
n n 
(eq. 1, 2) 
16 
: (.1 0 
.l,;;" ~,;;:;::,_:· , .. · ___ 
Step 2. Calculate h, 
n HN, pL and p ,n v,n (eq. 3, 4, 5, 6) 
Step 3. Calculate L (eq. 7) 
n 
Step 4. Calculate V (eq. 23) 
n 
Step 5. Evaluate derivatives (eq. 11, 12) 
Step 6. Integrate and calculate new values of X and m 
n n 
Step 7. Calculate new values of P (eq. 46) 
n 
Step 8. t = t + fit 
Go back to step 1. 
VI. Models vl, v2 1 v3 
These models were developed for the high pressure column where 
the vapor holdup is significant. 
In these models, VLE equations, enthalpy equations, density 
equations and liquid rate equation are the same as given previously. 
Vapor holdup 1s a function of the pressure. However, pressure 
does not change much in high pressure columns. Thus it was reasonable 
dM 
to assume that the rate of the change of vapor holdup, at~' was negli-
gible. With this assumption, the vapor flow rate equations of models 
vl and v2 resulted in the same equations as those of models 1 and 2 
(eq. 11 and eq. 12). 
For the model v3, using a numerical approximation of the deriva-
tive of vapor enthalpy resulted in eq. 47. 
17 
·· . 
. ! ; 
111 •• :. 
,\~--.--. :--:-------···- ·-······- ·-···---·-------·· 
dh dB 
L (h - h) + V (H - h) - m a-~ - M a-~ 
n+l n+l n n-1 n-1 n m t n t vn = -----------------n--=-n---------------------------- (47) 
n n 
,where 
k-1 
lS the present value and B is the previous value of the vapor 
n 
enthalpy of Tray n. The liquid enthalpy derivative approximation was 
shown earlier in eq. 13. 
The equations accounting for total mass and component balances on 
each tray were given earlier as eq. 8 and eq. 9 respectively. From 
these equations, the state variables zl and z2 were defined for each 
1 n n 
I 
tray. 
zl = m + M 
n n n 
(48) 
z2 = m x +My 
n n n n n 
(49) 
The other equation used to solve for x , y , m and M simul-n n n n 
taneously at each point in time was the relationship between holdups, 
densities and a known, fixed total tray volumn. 
m 
n Vol = ---- + 
n P1 n 
I 
M 
n 
Pv n I 
(50) 
The first step to solve these equations was to calculate m, M 
n n 
from eq. 48 and eq. 50. Since liquid and vapor densities did not 
change very much from one time step to the next, the previous values 
were used. 
18 
Evaluation of the other variables (x, T and y) was not 
n n n 
straight forward. The solution was obtained by an iterative method. 
A . . . t. d ( guess) s a starting point, vapor composi ion was guesse y . 
n 
Then x 
n 
was calculated from eq. 49. With known x and P , temperature and 
n n 
vapor composition calc yn were calculated from the VLE relationships. 
were close enough t guess (less than 10-3 of absolute o yn 
difference), the calculation proceeded to the next step. A direct 
substitution method achieved a convergence in 2 or 3 iterations. 
The following algorithm was used to solve the equations for 
models vl, v2 and v3 at each point in time, knowing P, zl and z2 
n n n 
Step 1. 
Step 2. 
Step 3. 
Step 4. 
Step 5. 
Step 6. 
Step 7. 
Step 8. 
Calculate m and M (eq. 48, 50) 
n n 
Calculate X I Yn, T iteratively (eq. 1, 2) n n 
Calculate h I H I P1 n' Pv n (eq. 3, 4, 5, 6) n n I I 
Calculate L (eq. 7) 
n 
Calculate V (eq. 16, 17 or 47) 
n 
Evaluate derivatives (eq. 11, 12) 
Integrate 
Calculate new values of P for variable pressure 
n 
(eq. 19) 
Step 9. t = t + 6t 
Go back to step 1. 
1g 
VII. Model v4E 
The same equations for the VLE relationships, enthalpies, den-
sities and flow rates were used. Tray volume equation (eq. 50) was 
also necessary. 
Two state variable equations, eq. 48 and eq. 49, were used. 
Another state variable z3 was defined from eq. 10: 
n 
z3 = m h + M H n n n n n 
or z3 = f (x ' y m M T ) n n n' n' n' n 
Eq. 52 can be rearranged as a temperature function: 
T = f (x y m M z3) n n' n' n' n' n 
(51) 
(52) 
(53) 
Liquid and vapor holdups were evaluated from eq. 48 and eq. 50 as 
shown in models vl, v2 and v3. And to solve equations 49, 51 and 28 
for x , P and y simultaneously, vapor composition was guessed 
n n n 
.. t' ll ( guess) 101 1a y y 
n 
and liquid composition was obtained from eq. 49. 
Then with these vapor and liquid compositions, temperature was eva-
luated from eq. 53. Then using liquid composition and temperature, 
pressure and vapor . t· ( calc) compos1 10n y 
n 
were calculated from the VLE 
relationships. When the guess and ycalc values were close enough Yn n 
-3 (less than 10 of absolute difference), the next integration step was 
20 
\ 
taken. Convergence was achieved in 2 or 3 iterations. Since a sma-
ller step size was required £or the model v4E, changes between steps 
were small and £ewer iterations were needed. 
The algorithm used at each point 0£ time to solve the equations, 
knowing zl , z2 and z3, was: 
n n n 
Step 1. Calculate m ' M (eq. 48, 50) n n 
Step 2. Calculate X ' T ' n n P, y iteratively n n (eq. 49, 51, 28) 
• (eq. 4, 5, 6) Step 3. Calculate h ' H ' P1 n' Pv n 3, n n 
' ' 
Step 4. Calculate L (eq. 7) 
n 
Step 5. Calculate V (eq. 23) 
n 
Step 6. Evaluate derivatives (eq. 8, 9, 10) 
Step 7. Integrate 
Step 8. t = t + At 
Go back to step 1. 
VIII. Model v4I 
This model, which considered vapor holdup, used an implicit 
integration algorithm. The energy equation was linearized and con-
verted into eq. 24, which relates pressures on adjacent trays. The 
values 0£ the coe££icients £or the model v4I are di££erent £rom those 
£or the model 4I. The vapor holdup dynamics was neglected as men-
tioned earlier. The vapor enthalpy derivative was handled in the same 
way as was used £or the liquid enthalpy. 
Vapor enthalpy is expressed as 
21 
' 
H = f (y , T ) 
n n n 
(4) 
and its derivative 1s 
(54) 
Because temperature changes much more quickly than composition, 
dy 
n dt- 1s neglected. Eq. 54 becomes: 
8H 
n oT- was evaluated from eq. 4 and coefficient Gan was defined: 
n 
dT 
n · b 31 dP- was given y eq. . 
n 
Finally the vapor enthalpy derivative becomes 
(55) 
(56) 
(57) 
By substituting eq. 32 for liquid enthalpy derivative, eq. 57 for 
vapor enthalpy derivative, and eq. 8 for mass derivative, and rear-
ranging, the following equation was obtained. 
dP 
n (m Fa + M Ga) Fb d-t--n n n n n 
= L (h - h) + V (H - h) - V (H - h) 
n+l n+l n n-1 n-1 n n n n 
22 
(58) 
Substituting the vapor flow rate equation (eq. 40) into eq. 58 
gives: 
dP 
(m Fa + M Ga) Fb at-~ 
n n n n n 
= L (h - h) 
n+l n+l n 
When eq. 59 is rearranged, eq. 24 is obtained. Notice that here 
the vapor holdup term is included in evaluating the coefficients in 
addition to the other terms mentioned earlier. 
Using the Euler implicit method and rearranging, the tridiagonal 
matrix equation, eq. 46, was obtained. Again Thomas' algorithm was 
used to solve the equation. 
The basic equations for physical properties, VLE and flow rates 
were given earlier. Liquid and vapor holdups, and other variables 
were calculated by the same method as models vl, v2 and v3. Pressures 
were calculated from the tridiagonal matrix equation. 
Model v4I used the same algorithm as models vl, v2 and v3. But, 
at step 5, eq. 23 was used, and at step 8, instead of eq. 19, eq. 46 
was used. 
At each point in time, knowing P, zl and z2, the algorithm n n n 
was:. 
Step 1. Calculate m and M 
n n 
(eq. 48, 50) 
23 
Step 2. Calculate X ' Yn, T iteratively (eq. 1, 2) n n 
Step 3. Calculate h ' H ' PL n' Pv n (eq. 3, 4, 5, 6) n n 
' ' 
Step 4. Calculate L ( eq. 7) 
n 
Step 5. Calculate V (eq. 23) 
n 
Step 6. Evaluate derivatives (eq. 11, 12) 
Step 7. Integrate 
Step 8. Calculate new values of p for variable pressure 
n 
(eq. 46) 
Step Q. t = t + ~t 
Go back to step 1. 
/ 
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STEADY STATE DESIGNS 
.. , 
The assumptions made in the steady state designs were: 
(1) 100% tray efficiency 
(2) total condenser and partial reboiler 
(3) fixed reflux drum pressure 
For a variable pressure column, the conventional rigorous tray by 
tray calculation was done. First of all, the column was designed 
assuming constant tray pressure with a reflux ratio(RR) 1.2 times the 
minimum reflux ratio(RRM). The total tray number(NT) and the feed 
tray location(NF) were determined. The column diameter(ID) was also 
evaluated using the data from this first design. Then the variable 
pressure column was designed using these fixed values (NT, NF, RRM and 
ID). 
At a fixed reflux drum pressure, the pressure on the top tray was 
evaluated using the gas flow equation (Geankoplis, 1983) assuming a 
constant friction factor in the overhead piping and condenser. 
Tray pressures, P, were calculated from the vapor hydraulic 
n 
equation (eq. 19) using the vapor flow rates calculated from the 
constant pressure column. The calculated reboiler pressure was com-
pared with its old value. If the difference was larger than the 
-3 
specified error tolerance, 10 mm-Hg, the new tray pressures were 
used in a column rating program that adjusted reboiler heat input and 
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distillate flow rate until the specified distillate and bottoms com-
positions were 0btained (with fixed NT and NF). After this rating 
calculation was finished, new Tray pressures, P , were calculated from 
n 
the new vapor flow rates. This direct substitution achieved a conver-
gence 1n 3 to 7 iterations. 
The steady state design specifications for the three different 
systems, methanol - water (M-W), toluene - m-xylene (T-X) and ethylene 
ethane (E-E), are summarized in Table 1. These steady state data 
were the initial conditions of dynamic simulations. 
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RESULTS and DISCUSSION 
I. Variable Pressure 
Figures 2 and 3 demonstrate the importance of considering vari-
able pressure for a vacuum column (T-X). The figures give the 
openloop responses of the liquid flow rate, the temperature and the 
liquid composition on the feed tray for a 10% step increase in the 
reboiler heat input and a feed thermal condition change from saturated 
liquid to 60% vapor to the vacuum column when model 2 was applied. 
The compositions show small differences between neglecting pressure 
change and considering pressure change. However, temperatures and 
liquid rates differ significantly due to variable pressure. Including 
variable pressure gives correct steady states. The variable pressure 
model's steady state feed tray temperature is about S°C higher and 
feed tray liquid rate 1s 1000 mole/minute larger than the constant 
pressure model for the feed thermal condition change. 
For higher pressure columns (M-W and E-E), the effects of vari-
able pressure proved to be negligible for all models and for all 
disturbances. It was observed that in the vacuum column any distur-
bance that changed vapor rates, such as the heat input or feed 
enthalpy, resulted in variable pressure becoming significant. For 
example, pressure changes were negligible in the case of openloop 
disturbances in feed flow rate, feed composition and reflux flow rate. 
Model 3 was recommended by Fuentes and Luyben because it gave the 
most realistic responses with reasonable computer time. However 
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model 3 was unstable when pressure was considered variable. When the 
pressure change became larger, the approximate enthalpy derivative 
caused the change of vapor flow rates to become unstable, and conse-
quently pressure was influenced. Eventually the system became 
unstable. Thus model 3 could not be used for variable pressure 
column. Models 1 and 2 were stable for variable pressure. This 
instability problem of model 3 is still being investigated. 
Considering variable pressure is important because it gives more 
realistic and accurate prediction of the behavior of a system. 
Especially 1n case of inferential or extensive variable control, 
inaccurate predictions of variables such as pressure, temperature and 
flow rates would resulted in unreliable control. 
Variable pressure is not important for the higher pressure col-
umn, so model 3 with fixed tray pressure is the best model for the 
methanol - water system. Since the ethylene - ethane system 1s ope-
rated under pressurized condition, model 3 with vapor holdup 
considered (model v3) is the best model, as demonstrated in the next 
section. 
II. Vapor Holdup 
Figures 4 and 5 demonstrate that vapor holdup 1s important in a 
high pressure column. The openloop responses for a 10% step increase 
in the reflux rate and reboiler heat input to the high pressure column 
(E-E) when model 3 and v3 were applied are shown. Vapor holdup proved 
to be important for other disturbances such as feed composition and 
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feed flow rate changes to the same column, too. The differences for 
feed disturbances were less than for heat input and reflux rate 
disturbances. 
Notice that considering vapor holdup made the response more 
sluggish. As the amount of system mass increases, the system responses 
more slowly to the same magnitude of disturbance. Therefore when 
vapor holdup 1s neglected, we will get incorrect values of time 
constant. For example, Figure 4 shows that the time constant when 
neglecting vapor holdup 1s about 60 minutes but the time constant when 
including vapor holdup 1s about 90 minutes for the feed tray composi-
tion changes to reflux flow rate disturbance Thus vapor holdup 
should be considered in high pressure columns. 
Including vapor holdup in the model did not make the system of 
equations more stiff. The numerical integration step size used for 
models vl, v2 and v3 was the same as used for models 1, 2 and 3 
(3 seconds). Moreover, the iterative method in evaluation of x, y 
and T used slightly larger computer time than the model which neglect-
ing vapor holdup (Table 3). 
For the lower pressure columns (M-W and T-X), the effects of 
vapor holdup on the dynamic responses were negligible. 
III. Rigorous Models 
Figure 6 shows the responses from models 4E, 4I, 2 and 3. It 
gives the openloop responses for a 10% step increase in the feed 
composition to the atmospheric pressure column (M-W system). 
2Q 
The explicit model (4E), the most accurate model for the column, 
shows realistic responses, but since it needs to take a very small 
step size, it becomes useless in practice. Model 3, with fixed tray 
pressures, is close to model 4E, and it is stable with a much larger 
;(, 
step size. Therefore it is recommended for methanol-water system. 
The implicit model (4I) resulted in no improvement. Even though 
significant savings in computing time were achieved, the responses 
were not correct. The assumptions and linearization made in develop-
ing the model were the probable causes of this result. 
The rigorous models of the high pressure column became extremely 
stiff (see Tables 2 and 3, Figure 7-b). The implicit method saved 
computing time compare to the explicit method by a factor of 6. The 
vapor hydraulic equation (eq. 34) made the system more stiff. For the 
high pressure column, the pressure drop through a tray came from 
mostly the hydraulic head of liquid on the tray. Thus the first term 
of the right side of eq. 34 became very small. This caused difficulty 
in calculating vapor flow rates, because the vapor rate was evaluated 
from the first term of that equation. Here vapor rate was expressed 
as a square root of vapor pressure drop. The inside of the square 
root changed from positive to negative when larger step sizes than the 
stability limit were taken. 
For the lower pressure columns, since pressure drop due to vapor 
flow took a significant portion(about 50%) of total pressure drop, the 
vapor hydraulic equation did not cause instability. 
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IV. Numerical Integration Aspects 
The integration step size, At, for different models was deter-
mined by observing the feed tray's liquid flow rate or vapor flow rate 
responses to the feed composition step change. 
Figure 7-a shows that the system with model 4E is unstable for a 
step size 
-3 larger than 4.8x10 sec, which became the stability limit 
for the explicit Euler method of M-W and T-X systems. For the high 
pressure column, the explicit model (v4E) became very stiff(Figure 7-
b). -5 The maximum step size was less than 4.8x10 sec. 
Figures 7-c and 7-d show that as the step size increases, the 
accuracy in the beginning of the simulation becomes poorer for models 
1 and 4I. But they are stable. Models 1, 2, 3, vl, v2 and v3 were 
stable with a step size of 60 seconds, but the initial accuracy was 
very poor. A step size of 3 seconds was chosen to achieve a reaso-
nable compromise between accuracy and computing time. The step sizes 
used in this study are summarized as Table 2. 
Tyreus et al.(1975) noted that the stiffness was not decreased 
when the liquid hydraulic equation was removed. As mentioned pre-
viously, this study showed that stiffness was increased due to the 
vapor hydraulic equation for the high pressure column. 
Table 3 compares the ratios of computing time(sec) to process 
time(min) for simulations with the 10% step increase of feed flow 
rate. 
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V. Description of the Responses 
Figure 8 gives the openloop responses for a 10% increase in the 
reflux rate for the M-W system. All the models predict almost the 
same behavior for liquid rate and composition changes. The different 
models predict vapor rates that are different. 
Model 1 predicts an initial increase, a subsequent decrease, and later 
a final increase to the new steady state. This behavior is due to 
neglecting the mass and energy change terms in the energy equation. 
Model 2 predicts an initial decrease followed by an increase. 
This is due to neglecting the energy change term in the energy 
equation. 
The correct behavior is given by model 3. Since the composition 
of the more volatile component increases on the trays when reflux is 
increased, the heat of vaporization decreases. Consequently the vapor 
rates should increase with the same amount of reboiler heat input as 
before. 
Figure g shows the openloop responses for a 10% step increase in 
the feed flow rate for the M-W system .. All the models predict almost 
the same behavior for liquid rate changes. Vapor rates and composi-
tions are different. Note however that the composition changes are 
very small. 
Model 1 predicts an initial increase, a subsequent decrease and 
later a final increase. Model 2 predicts an initial decrease followed 
by an increase. The comments used to explain the behaviors in the 
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reflux flow rate apply for those in the feed flow rate. Model 3 
predicts reasonable responses of vapor rates. 
Figure 10 gives the openloop responses of tray NF and NT-1 for a 
10% step increase in feed composition for M-W system. Model 1 
predicts an initial increase in vapor rates, a subsequent decrease 
slightly, and later a final increase in vapor rates. 
Model 2 predicts an initial slight decrease followed by an in-
crease of vapor rate of NT-1 tray. Model 3 predicts reasonable 
responses of vapor rates. 
The responses of the other systems (T-X and E-E) gave similar 
results. 
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CONCLUSIONS 
Model 3 1s the best model to predict the behavior of systems in 
which pressure changes and vapor holdup are negligible. Model 3 
cannot handle variable tray pressure drops. Therefore model 2 must be 
used in vacuum column simulations. 
Model v3 1s the best model for high pressure systems in which 
vapor holdup should be considered. 
The rigorous vapor-hydraulic model gave the most realistic 
response but is impractical because of excessive computer time. 
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Table 1. Steady state design specifications 
System 
Feed flowrate, g-mole/min 
composition 
temperature, ·c 
pressure, mm-Hg 
M-W 
27240 
0.5 
70 
760 
Distillate flowrate, g-mole/min 13620 
composition 0.999 
Bottoms flowrate, g-mole/min 
composition 
Reflux drum pressure, mm-Hg 
Reflux ratio 
Temperatures, °C 
Base 
Reflux drum 
AP mm-Hg 
n,ave' 
APtotal' mm-Hg 
a 
NT 
NF 
ave 
6 10 Kcal/hr 
column diameter, ft 
weir height, in 
weir length, ft 
active area 
----1------tota area 
hole area 
active area 
Tray spacing, 1n 
13620 
0.001 
760 
1.023 
100 
64.5 
6.46 
200.24 
4.47 
32 
6 
14.225 
9.25 
1.5 
7.4 
0.78 
0.1 
24 
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T-X 
18000 
0.67 
95 
90 
5934 
0.999 
12066 
0.001 
90 
1.206 
110 
60 
8.0 
203. 
2.52 
29 
14 
15.082 
13. 
2.5 
12.4 
0.8 
0.2 
24 
E-E 
5000 
0.5 
-7 
22800 
2500 
0.95 
2500 
0.05 
22800 
7.32 
-1.4 
-11.5 
2.175 
104.4 
1.29 
47 
25 
4.65 
11. 
2. 
8.8 
0.75 
0.05 
24 
Table 2. Step sizes(sec) for models 
Model M-W T-X E-E 
1, 2, 3 3. 3. 3. 
4E 0.0048 0.0048 0.000012 
41 3. 3. 0.00012 
vl,v2,v3 3. 3. 3. 
v4E 0.0048 0.0048 0.000012 
v4I 3. 3. 0.00012 
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Table 3. Ratio of computing time(sec) to process time(min) 
Model M-W T-X E-E 
--
1 0.574 0.279 0.438 
2 0.578 0.278 0.439 
3 0.546* 0.249* 0.444 
4E 142. 133. 89400. 
4I 0.615 0.322 12000. 
vl 0.599 0.295 0.473 
v2 0.600 0.311 0.474 
v3 0.583* 0.251* 0.476 
v4E 152. 144. 96000. 
v4I 0.742 0.377 14500. 
* This value was obtained from constant tray pressure condition. 
Others were from variable pressure conditions. 
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Figure 5: Responses to Heat Input Chanqe (E-E) 
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Appendix A. Vapor-Liquid Equilibrium 
A-1. Methanol-Water (M-W) system 
1 methanol 
2 water 
(i) VLE equation 
s y. P = 7. x. P. 
1 1 1 1 
Ideal gas solution behavior assumed, so the vapor fugacities were 
equal to unit. 
(ii) activity coefficient calculation 
Reference : Gmehling et al (1982) 
Wilson equation: 
A12 
ln71 = -ln(x1 + A12 x2) + x (-----A------2 xl + 12 x2 
A12 - All= 216.8511 
A21 - A22 = 468.6010 
R = 1.98721 cal/mole ·K 
4g 
L 
,.v 1 = 40. 73 cc/mole 
v~ = 18.07 cc/mole 
(iii) vapor pressure calculation 
Reference : Reid, et al.(1977) 
Antoine equation 
A1 = 18.5875 B1 = 3626.55 c1 = -34.29 
A2 = 18.3036 B2 = 3816.44 c2 = -46.13 
s P. = mm-Hg 
1 
T = °K 
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A-2. Toluene - m-Xylene (T-X) system 
1 toluene 
2 m-xylene 
(i) VLE equation 
s y. P = x. P. 
1 1 1 
Ideal gas and liquid solution behavior assumed, so the vapor 
fugacities and activity coefficients were equal to unit. 
(ii) vapor pressure calculation 
Reference : Reid, et al.(1977) 
Antoine equation 
A1 = 16.0137 B1 = 3096.52 c1 = -53.67 
A2 = 16.1390 B2 = 3366.99 c2 = -58.04 
s P. = mm-Hg 
1 
T = °K 
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A-3. Ethylene-Ethane (E-E) system 
1 ethylene 
2 ethane 
( i) VLE equation 
~ p fs. 
'I', y. = 7· x. 1 1 1 1 1 
Since the liquid solution 1s almost ideal, the activity coefficients 
are assumed to be unity. The gas fugacity coefficients do not vary 
very much as pressure and temperature change, therefore they assumed 
to be constant. 
at 30 atm (Fredenslund, et al., 1976) 
The saturated liquid fugacity is 
s s s f. = Fp. t. P. 1 1 1 1 
Fp. 1s the Poynting correction factor of component 1 and 
1 
L 
v1 = 65 cc/mole 
L 
v2 = 70 cc/mole (Prausnitz, 1969) 
Now the VLE equation becomes 
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~s. 1s the fugac1'ty ff' · t f t t d d th 1 ~ coe 1c1en o sa ura e vapor an e va ues are: 
1 
s tl = 0.77 
s t2 = 0.866 (Balzhiser, et al., 1972) 
Define new coefficient, r., which represents the first term of the VLE 
1 
s 
equation, 
t. Fp. 
1 1 
------- and assume it does not change significantly due to 
t. 
1 
pressure, temperature and composition changes 
The following numbers were calculated: 
r 1 = 1.0462 
r2 = 1.3448 
The final VLE equation 1s 
s y. P = r. x. P. 1 1 1 1 
r. includes the non idealities of high pressure condition. 
1 
(ii) vapor pressure calculation 
Reference : Reid, et al.(1977) 
Antoine equation 
A1 = 15.5368 B1 = 1347.01 c1 = -18.15 
A
2 
= 15.6637 B2 = 1511.42 c2 = -17.16 
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I 
l 
p~ = mm-Hg 
1 
T OK 
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Appendix B. Enthalpy Functions 
The enthalpy of the mixture 1s obtained from the pure com-
ponents'enthalpies by neglecting the mixing effects. 
h = x1h1 + x2h2 
H = ylHl + y2H2 
B-1. M-W system 
Reference : Fuentes and Luyben (1982) 
The pure component enthalpy, in the range of 50 to 100 °C is given by 
2 h1 = 17.28T + 0.0384T 
h2 = 17.46T + 0.0036T 
2 
2 H1 = 9680 - 3.52T + 0.0384T 
2 H2 =10790 + 6.57T + 0.0036T 
where Tin °C and enthalpies in cal/mole. 
B-2. T-X system 
Reference : Doukas(1976) 
h1 = 5590.73868 + 34.56727T + 0
.028202T2 
h2 = 7048.25147 + 40.08522T
 + 0.030081T2 
H1 =22878.98177 + 23.73219T + 
0.018831T2 
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H2 =26653.72449 + 29.68172T + 0.021866T
2 
where Tin °C and ehthalpies in Btu/lb mole. 
B-3. E-E system 
Reference : Elliott multistage centrifugal compressors bulletin 
2 h1 = 164.50 + 31.694T + 0.20102T 
2 h2 =-119.58 + 30.237T + 0.21547T 
B1 = 3776.928 + 21.045T 
B2 = 3739.512 + 24.419T 
where Tin °C and enthalpies in cal/mole. 
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Appendix C.' Density Equations 
The density of the mixture 1s obtained from the pure components' 
densities by neglecting the mixing effects. 
where densities in mole/cc. 
C-1. Liquid density 
For M-W system (reference : Fuentes and Luyben, 1980) 
p1 L = 0.0253 - 0.0000313T 
' 
p2 L = 0.05667- 0.0000333T 
' 
where Tin °C. 
For T-X and E-E systems (reference Prausnitz, et al., 1980) 
Modified Rackett equation 
T 0. 28571429 
r. = 1. + (T---) 1 c. 
1 
Pc. 
1 p - -------------i,L - r. 
1 R Tc. ZRA. 
1 1 
where Tc. and Tin °K, Pc. in bars and R = 83.11473. 
1 1 
For T-X, 
Pc1 = 41.09 Tc1 = 591.79 ZRA1 = 0.2646 
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! . 
Pc2 = 35.41 Tc2 = 617.05 ZRA2 = 0.25Q3 
For E-E, 
Pc1 = 50.32 Tc1 = 282.36 ZRA1 = 0.2810 
Pc2 = 48.80 Tc2 = 305.42 ZRA2 = 0.2789 
C-2. Vapor Density 
For M-W and T-X systems: 
Ideal gas equation 
p p = ----
v RT 
where R = 82.057 cc atm/ K mole 
P = atm 
T = °K 
For E-E system (reference Prausnitz, et al. ) 
p p - -----
v - zRT 
B 
z = 1. + RT (virial equation of state) 
B. 2 N 3 1 = 3 1" a ai 
-8 
a1 = 4.433 x 10 cm 
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-8 
u2 = 5.220 x 10 cm 
23 Na= 6.023 x 10 molecules/mole 
R = 82,057 cc atm/°K mole 
T = °K 
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NOMENCLATURE 
Aa 
A. 
1 
Ath 
atm 
B 
B. 
1 
Bot 
C. 
1 
Co 
D 
D. J ,n 
DI 
E-E 
F 
Fa 
n 
Fb 
n 
active area, £t2 
Antoine vapor pressure equation coefficient for 
component i 
total hole area, ft2 
atmosphere 
second virial coefficient 
Antoine vapor pressure equation coefficient for 
component i 
bottoms flow rate, moles/min 
Antoine vapor pressure equation coefficient for 
component 1 
discharge coefficient 1n the vapor hydraulic equation. 
distillate flow rate, moles/min 
coefficient in the linearized vapor flow rate equation 
column diameter, ft 
ethylene - ethane system 
coefficient in tridiagonal matrix equation 
feed flow rate, moles/min 
coefficient 
coefficient 
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I 
I 
Fp. 
1 
Ga 
n 
h 
n 
H 
n 
ho 
n 
how 
n 
ht 
n 
k 
L 
n 
lw 
m 
n 
M 
n 
M-W 
Na 
NF 
NT 
Poynting correction factor of component 1 
coefficient 
feed enthalpy, cal/mole 
liquid enthalpy, cal/mole 
vapor enthalpy, cal/mole 
pressure drop through dry holes of Tray n, inch liquid 
height over weir, ft 
total pressure drop of Tray n, inch liquid 
iteration counter 
liquid flow rate, moles/min 
weir length, ft 
reboiler liquid holdup, moles 
reboiler vapor holdup, moles 
reflux drum liquid holdup, moles 
reflux drum vapor holdup, moles 
liquid holdup on Tray n, moles 
vapor holdup on Tray n, moles 
methanol - water system 
Avogadro number 
feed tray 
total tray number, top tray number 
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1 
l 
Pc. 
1 
p 
n 
liP 
p~ 
1 
R 
r. 
1 
n 
RR 
RRM 
lit 
Tc. 
1 
T 
n 
T-X 
Uh 
V 
n 
L 
v. 
1 
n 
critical pressure of component 1, bar 
reflux drum pressure, mm-Hg 
pressure on Tray n, mm-Hg 
pressure drop through Tray n, mm-Hg 
vapor pressure of component 1, mm-Hg 
reboiler heat duty, kcal/hr 
cooling heat, kcal/hr 
gas constant 
VLE equation coefficient for high pressure system 
reflux ratio 
minimum reflux ratio 
step size, sec 
critical temperature of component 1, °K 
reflux drum temperature, °C 
feed temperature, °C 
tray temperature, °C 
toluene - m-xylene system 
vapor velocity, ft/sec 
vapor flow rate, mole/min 
specific volume of liquid of component 1, cc/mole 
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Vol 
n 
Vss 
n 
X 
n 
z 
zl 
n 
z2 
n 
z3 
n 
ZRA. 
1 
2 
1 
Greek letters 
a: 
'i 
3 
tray volume, ft 
reboiler volume, ft3 
3 
reflux drum volume, ft 
steady state vapor flow rate, moles/min 
feed composition 
bottom composition 
distillate composition 
liquid composition on Tray n 
vapor composition on Tray n 
compressibility factor 
state variable 
state variable 
state variable 
Rackett equation parameter of component 1 
lighter component 
heavier component 
relative volatility 
aeration factor of hydraulic equation 
63 
7i,n 
P1 n 
' 
Pv n 
' 
Pov n 
' 
A •• ' lJ 
t. 
1 
t~ 
1 
T. 
1 
(J. 
1 
A .. lJ 
Subscripts 
B 
D 
F 
1, J 
L 
n 
V 
Superscripts 
activity coefficient of component 1 on Tray n 
3 liquid density on Tray n, moles/cm 
3 
vapor density on Tray n, moles/cm 
vapor density on Tray n, lb/ft3 
Wilson equation parameters 
fugacity coefficient of component 1 
fugacity coefficient of component 1 at saturation 
pressure 
Rackett equation parameter of component 1 
collision diameter, cm 
bottoms 
distillate 
feed 
component 1 
'J 
liquid 
tray number 
vapor 
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! I 
k 
L 
s 
iteration counter 
liquid 
saturation 
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